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Abstract

Lead-free pnictogen/noble metal halide double perovskites Cs2BiAgCl6,

Cs2BiAgBr6 and Cs2SbAgCl6 are some of the most promising environmentally

friendly alternatives to lead-halide perovskites. However, due to their relatively

large band gaps (1.9 to 2.2 eV), they are not yet competitive candidates for use in

photovoltaic devices. In this work, we perform a systematic study of the thermody-

namic stability of the entire family of Cs2BB′X6 compounds (B = Bi, Sb, B′ = Cu,

Ag, Au and X = Cl, Br, I), and we explore the possibility of chemical mixing as a

route to stabilize pnictogen/noble metal halide perovskites with low band gaps. Our

calculations indicate that Cs2BiAg1−xCuxCl6 mixes should be amenable to synthesis,

and could reduce the band gap down to 1.6-1.9 eV.
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Introduction

Lead-halide perovskites are emerging as one of the most promising classes of optoelectronic

materials of the last decade. Solar cells based on organic-inorganic lead-iodide perovskites

have experienced a rapid rise in power conversion efficiency since the first report in 2009

(3.9%),1 up to a record efficiency of 22.1%.2 The fast-paced progress of perovskite solar

cells is linked to the remarkable optoelectronic properties of organic-inorganic lead-halide

perovskites: optimum and tunable direct band gaps in the visible range,3,4 low effective

masses,5 low exciton binding energies6 and long carrier diffusion lengths and recombination

lifetimes.7

Recently, much effort has been dedicated to designing and synthesizing new halide per-

ovskites which are related to the prototypical CH3NH3PbI3. This activity is motivated on

the one hand by the need to improve the stability and the performance of perovskite solar

cells,3,8,9 and on the other hand by the toxicity concerns over the presence of Pb.10 Start-

ing from CH3NH3PbI3, partial substitution of the CH3NH+
3 cation by CH(NH2)

+
2 ,11,12 Cs3

and Rb8 in conjunction with the partial substitution of I by Br,3,8 leads to a change in the

band gap by more than 1 eV, and to a significant improvement of the stability of the com-

pounds. Furthermore, the substitution of Pb2+ by Sn2+ is an attractive option to redshift the

band gap and to reduce toxicity.13,14 However, the formation of pure Sn-based perovskites

is problematic due to the oxidation of Sn2+ to Sn4+.13 This issue can be resolved either

by partial substitution of Pb by Sn, which stabilizes the Sn-perovskites and gives access

to a broad range of optical gaps,9 or by exploring the Periodic Table for other suitable Pb

replacements.

Both experimental and theoretical studies have investigated extensively the possibility to

design lead-free halide perovskites by aliovalent, homovalent and heterovalent substitution.15

The aliovalent replacement of Pb leads to significant structural changes and non-perovskite

compounds. Thus, the incorporation of a +3 metal like Bi or Sb forms halides with the
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structure of a perovskite-like chain of face-sharing octahedra (as in Cs3Bi2I9
16 or Cs3Sb2I9

17),

while a +4 metal leads to the formation of so-called ‘vacancy ordered double perovskites’

(as in Cs2SnI6
18,19 and Cs2PdBr6

20). These compounds are highly stable and have optical

bandgaps of 2-2.2 eV (Cs3Bi2I9 and Cs3Sb2I9) or ∼1.6 eV (Cs2SnI6 and Cs2PdBr6). However,

their band edges exhibit flat profiles as a result of the lack of connectivity between the

metal-halide octahedra, thus hindering the transport of photogenerated charge carriers. In

principle, the perovskite structure can be retained by using homovalent Pb replacements.

In practice, however, the substitution of Pb by other divalent metals in the Periodic Table

leads either to unstable perovskites or to stable semiconductors with band baps larger than

2.7 eV,21,22 such as halide perovskites based on the alkali earth metals Ca, Sr or Ba.23–25

The most successful strategy so far in the design of lead-free halide perovskites is the het-

erovalent substitution of lead.26–38 In this approach, the Pb2+ cations are replaced by a

+1 and a +3 metal, so as to maintain charge neutrality.28,29 The structure thus formed

is an ordered double perovskite (shown in Figure 1a), and has a general chemical formula

of A2BB′X6, where A is a monovalent organic or inorganic cation, X is the halogen anion

and B and B′ are +3 and +1 cations. High-throughput studies exploring the heterovalent

substitution of Pb reveal a number of promising new semiconductor candidates for lead-free

light absorbers.39–41

The halide double perovskite light absorbers proposed so far can be categorized in four

separate groups of compounds, based on the combinations of B and B′ cations employed:

pnictogen/alkali metals (B = Bi3+ and B′ = Na+, K+), pnictogen/post transition met-

als (B = Bi3+, Sb3+, and B′ = Tl+, In+), post transition/noble metals (B = In3+, Ga3+,

and B′ = Cu+, Ag+) and pnictogen/noble metals (B = Bi3+, Sb3+, and B′ = Cu+, Ag+,

Au+). The pnictogen/alkali double perovskites (for example (CH3NH3)2BiKCl6
30,31 and

Cs2BiNaCl6
28,39) are large band gap semiconductors, and are not suitable visible light ab-

sorbers. On the other hand, post transition metals are more promising as +1 cations from an
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Figure 1: Quaternary halide double perovskites. a. Polyhedral model of the double perovskite
structure. The grey spheres represent the Cs atoms, the blue octahedra are centered at the B-site,
with B = Bi, Sb, the grey octahedra are centered at the B′-site, with B′ = Cu, Ag, Au, and the
red spheres represent halogen anions X = Cl, Br, I. b. Schematic representation of the quaternary
phase diagram. The corners of the diagram are labeled by the elemental compositions of the double
perovskite. Each point of the tetrahedron represents a composition of Cs, B, B′ and X. The white
disks mark the position of the precursors CsX, B′X and BX3 on the quaternary phase diagram,
and the red disk represents the quaternary double perovskite. The four compositions marked on
the phase diagram are coplanar, as highlighted by the light blue triangle representing the ternary
phase diagram of the solid state reaction.

electronic structure point of view. (CH3NH3)2BB′X3 (with B = Bi and Sb, B′ = Tl, In and X

= Cl, Br, I) have remarkably similar band structures to the lead-halide perovskites.31,38,42,43

For example, (CH3NH3)2BiTlBr3 has recently been synthesized,31 however the toxicity of Tl

rules out this compound as an environmentally-friendly alternative to lead-halide perovskites.

(CH3NH3)2BiInBr6, while non-toxic, has not yet been synthesized due to the oxidation of In+

into In3+.38,43 In fact, In3+ can be successfully incorporated into a halide double perovskite,

as demonstrated by the synthesis of Cs2InAgCl6.
32 Several double perovskites based on post

transition metals In and Ga and noble metals Ag and Cu have been recently proposed,37,39

however due to the presence of transition-metal d-states, the valence band top in this family

of compounds exhibits a flat profile, and the compounds are prone to problematic mid-gap
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defects.32 On the other hand, the replacement of In3+ by pnictogens Bi and Sb restores the

dispersive valence band top.28,29

The hypothetical pnictogen-noble metal halide double perovskites based on Bi, Sb and Cu,

Ag, Au proposed in Ref. 28 have indirect band gaps which span the entire visible spec-

trum, and exhibit low effective masses.28 Of the 18 double perovskites proposed,28 three

pure compounds (Cs2BiAgCl6,
27–29 Cs2BiAgBr6

26,27,29 and Cs2SbAgCl6
33) and one mixed

compound (Cs2Bi1−xSbxAgBr6, x≤0.375) have been synthesized36 so far. They are highly

stable crystals under environmental conditions, and exhibit indirect band gaps between 1.9

and 2.3 eV.26,28,29,33,36 In particular, Cs2BiAgBr6 does not appear to be prone to problematic

defects, according to ab initio calculations, and should be a naturally good p-type conductor

due to its tendency to accept Ag vacancies as shallow defects.44 In addition, the possibility

of incorporating organic cations into the pnictogen-noble metal double perovskite proposed

in Ref. 28 was recently demonstrated by the synthesis of (CH3NH3)2BiAgBr6.
34

The indirect character of the band gap of pnictogen-noble metal halide double perovskites

may suggest that these materials are not suitable for thin film solar cells. Nonetheless,

given that silicon is the prototypical indirect gap semiconductor, and currently the most

dominant photovoltaic material, it is possible that this family of double perovskites will find

application in conventional crystalline solar cells, tandem devices,26 or photodetectors.45

Of the compounds synthesized thus far, Cs2BiAgBr6 is the first to be incorporated as a

light absorber in a lead-free inorganic halide perovskite solar cell with a power conversion

efficiency of 2.5%.46 While Cs2BiAgCl6, Cs2SbAgCl6 and Cs2BiAgBr6 absorb light from the

yellow and red regions of the visible spectrum, theoretical predictions28 suggest that within

this family of double perovskites there is potential to design a light absorber with a band

gap close to the Shockley-Queisser limit of 1.4 eV.47 In particular, the synthesis of the mixed

Cs2Bi1−xSbxAgBr6
36 demonstrates that Cs2BiAgBr6 can be used as template for synthesizing

mixed pnictogen double perovskites with reduced band gaps. Therefore, in this work we aim
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to explore this idea for the entire family of pnictogen/noble metal double perovskites, and

we investigate the possibility of tuning the band gap by chemical mixing.

We address this question from a theoretical viewpoint by using density functional theory

(DFT).48 Recent work by Ong et al.49,50 demonstrated that it is possible to assess the

thermodynamic stability of a compound using DFT by constructing its compositional phase

diagram. In this approach, the stability of a compound is studied not only against the

decomposition into its constituent elements, but also against all possible decomposition

reactions. This approach has become popular in the context of large scale high-throughput

computational design, where it is used as an essential screening step.22,51,52 In this work, we

perform a systematic theoretical investigation of the stability of double perovskite compounds

proposed in Ref. 28 using the method of Ong et al.49,50 From our analysis we find that

Cs2BiAgCl6, Cs2BiAgBr6, and Cs2SbAgCl6 are stable against decomposition, in excellent

agreement with experimental observations. In addition, we investigate how Cs2BiAgCl6,

Cs2BiAgBr6 and Cs2SbAgCl6 can be used to stabilize mixed double perovskites such as

Cs2BiAg1−xCuxCl6, Cs2SbAg1−xCuxCl6, Cs2BiAg(Br1−xIx)6 and Cs2SbAg(Cl1−xBrx)6.

Methodology

One of the methods of synthesis for Cs2BiAgCl6, Cs2BiAgBr6 and Cs2SbAgCl6 is through

solid state reaction.28,29,33 In this approach, precursor salts of CsX, BX3 and AgX (B = Bi,

Sb and X = Cl, Br) are ground together and heated to high temperature in a vacuum sealed

ampoule, so as to facilitate the following reaction:

2 CsX + BX3 + AgX→ Cs2BAgX6, (1)

This is an isobaric, isothermal and closed process, and is best described thermodynam-

ically by the Gibbs free energy,49 G(T, P, {Ni, i = 1,M}) = U(T, P, {Ni, i = 1,M}) −
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TS(T, P, {Ni, i = 1,M}) + PV (T, P, {Ni, i = 1,M}), where U(T, P, {Ni, i = 1,M}) is the

total energy of the system, V (T, P, {Ni, i = 1,M}) is the volume, S(T, P, {Ni, i = 1,M}) is

the entropy, T is the temperature, P is the pressure and Ni is the number of atoms of each

of the M species in the system.

The formation of a multinary compound from its M constituent elements is probed by

calculating the change in the Gibbs potential:49

∆G = ∆U + P∆V − T∆S, (2)

where the change in the Gibbs potential is defined as ∆G = G(compound)−G(elements). At

a given temperature or pressure, ∆GT,P ({Ni, i = 1,M}) defines the compositional phase di-

agram. ∆G outlines a convex shape for all compositions corresponding to stable compounds

in the phase diagram. In practice the compositional phase digram is constructed using the

convex hull method.49

In this study we are interested in obtaining the compositional phase diagrams of quaternary

systems of the type Cs - B - B′ - X (with B = Sb, Bi, B’ = Cu, Ag, Au and X = Cl,

Br, I) from density functional theory (DFT). Therefore, in our calculations we will use the

approximate approach proposed by Ong et al, whereby the compositional phase diagrams

are constructed at T = 0 K and P = 0 atm. In these conditions, the change in the Gibbs

free energy from Eq. 2 becomes equivalent to ∆G = ∆U ,49 thereby not including the effects

of entropy and pressure into our analysis.

Computational Setup

First principles calculations. All the results presented in this manuscript were ob-

tained from density functional theory (DFT) calculations,48 as implemented in the Quan-

tum Espresso package.53 In our study we use both the local density approximation (LDA)54
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and the generalized gradient approximation in the Perdew-Burke-Erzenhof parametrization

(PBE)55 for the exchange-correlation functional. For Bi, Sb, Cu, Ag, Au, Cl, Br and I we

use scalar-relativistic ultrasoft pseudopotentials, while for Cs we use norm-conserving non-

relativistic pseudopotentials. For both LDA and PBE calculations we consider the following

valence electronic configurations: 5s25p66s1 for Cs, nd10(n + 1)s2(n + 1)p3 (with n = 5 for

Bi and n = 4 for Sb), nd10(n + 1)s1 (with n = 3 for Cu, n = 4 for Ag, and n = 5 for Au),

and ns2np5 (with n = 3 for Cl, n = 4 for Br, and n = 5 for I). All pseudopotentials can be

found in the Quantum Espresso and Theos libraries.56

The total energy is converged separately for each of the constituting elements with respect

to the plane wave cutoffs. In addition, we converge the total energy with respect to the

density of the k-point mesh separately for each compound represented in the phase diagram.

A calculation is considered converged when total energy is accurate within 5 meV/atom. For

all final calculations we use a kinetic cutoff of 80 Ry for the wave functions and 400 Ry for

the charge density.

Structural data provenance. To construct the phase diagrams we obtain the structural

information for all the components of the phase diagram from the Materials Project database.

For a particular set of elements, we select all compounds given by the Phase Diagram App

in the Materials Project.57 If a compound is reported with multiple structures we select the

structure which is most stable. In addition, we complete the phase diagrams for each of the

possible quaternary systems, by chemical substitution. For example, if CsCu2Cl3 is a stable

compound in the phase diagram of the Cs - Bi - Cu - Cl, we make sure that a corresponding

CsB′2X3-type compound is included in all the phase diagrams of all other quaternary systems,

even if it is not reported in the Materials Project. Using this approach we construct each

of the phase diagrams using 35 compounds, including the quaternary double perovskite and

the elemental compounds (compiling a total of 220 distinct compounds). We emphasize

that for all compounds included in the phase diagrams we did not use the total energies

9



stored in the Materials Project database, but instead all the total energies were recalculated

within LDA and PBE using the Quantum Espresso package. The complete list of all the

compounds included in our phase diagrams are given in Tables1 and 2, along with their

calculated formation energies. All phase diagrams and formation energies were calculated

using the Pymatgen package.58 For all halide double perovskites the crystal structures were

optimized using both LDA and PBE starting from both the face-centered cubic structure

reported in Ref. 28, and from the orthorhombic Pnma structure, and the lowest total energy

structure was chosen for the calculation of phase diagrams. In addition, for all gaseous

elements of the quaternary phase diagrams (such as Cl2, Br2 and I2), the total energies were

calculated for the structures provided in the Materials Project database. While in Materials

Project total energies calculated for O2, F2, Cl2 and N2 are typically corrected so that they

match experimental formation energies, as described in Ref. 59, we chose not to include this

correction for the sake of consistency. Given that the highest decomposition energies in our

phase diagrams correspond to reactions that do not include gaseous compounds, this choice

does not affect our final results.

Decomposition energies. To calculate the lowest decomposition energies for the sta-

ble compounds (shown in Figure 2 and Table 3) we consider that the double perovskite

Cs2BB′X6, can decompose into at most four of the products found in the phase diagram

of each quaternary system. There are 5047 possible decomposition reactions from the qua-

ternary phase diagram. For the stable double perovskites, the results shown in Figure 2

and Table 3 represent the lowest decomposition energies calculated. For the analysis of the

pseudo-ternary phase diagrams we follow a similar approach. In this case, there are only 17

possible decomposition reactions, and all the decomposition energies and reactions are listed

in Tables 4 and 5.

Total energy of the mixed double perovskites Cs2BiAg0.875Cu0.125Cl6 and

Cs2BiAg0.75Cu0.25Cl6. We construct the ordered structure of the mixed double perovskites
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by substituting one of the Ag cations in supercells of 8 and 16 octahedra, respectively. The 8

octahedra unit cell is constructed starting from the experimental Fm3̄m space group, atomic

positions and lattice parameters given in Ref. 28. The 16 octahedra unit cell is obtained

by doubling the 8 octahedra cell along the c axis. Within this framework there is only one

structural configuration possible, by symmetry. We obtain the final structure by structural

optimization of the atomic positions and lattice parameters. For the structural optimiza-

tion we use a Γ-centered k-point grid of 4× 4× 2 and 4× 4× 4 for Cs2BiAg0.875Cu0.125Cl6

and Cs2BiAg0.75Cu0.25Cl6, respectively and the plane wave cutoffs of 80 Ry and 400 Ry, as

described above.

Band gap of mixed double perovskites. We evaluate whether the mixed noble metal

compounds are likely to improve the efficiency of lead-free halide double perovskite solar cells

by calculating their band gaps. In general, the band gap is only an approximate descriptor

for the light absorbing properties of a semiconductor. A more accurate evaluation of the

potential of a new compound as a light absorber is the calculation of the optical absorption

spectrum and the spectroscopic limited maximum efficiency (SLME)60 metric. However,

given that these compounds all exhibit an indirect band gap, the ab initio calculation of

the optical absorption spectrum must include phonon-assisted optical transitions,61,62 and

goes beyond the scope of the present work. Here we are interested in identifying routes to

reduce the band gap of three already synthesized semiconductors, and therefore we focus on

calculating the dependence of the band gap on the mixing concentration.

We calculate the change in band gap with the concentration of Cu for the mixed noble-metal

double perovskite Cs2BiAg1−xCuxCl6 using the virtual crystal approximation, as described

in Ref. 63. This approach assumes that the noble-metal sites are occupied by ‘virtual’

atoms with mixed Ag and Cu character. For these calculations we used norm-conserving

pseudopotentials without non-linear core-corrections, and a cutoff of 100 Ry. In order to

take into account the large spin-orbit coupling effect in Bi-based double perovskites we use
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fully-relativistic pseudopotentials for Bi and Ag. The pseudopotentials for Cs, Cu and Cl

were taken from the Quantum Espresso library, while the Bi and Ag pseudopotentials were

constructed as described in Ref. 29.

For each concentration of Cu we relaxed the structures while keeping the lattice parameters

fixed. The lattice parameters of the mixed double perovskites at each concentration were

obtained by linear interpolation between the calculated lattice parameters of Cs2BiAgCl6

and Cs2BiCuCl6. For all virtual crystal calculations we consider only the cubic phase of the

double perovskites. For completeness, in Figure 5g we show both the band gaps calculated

from the virtual crystal approximation and the band gaps calculated for the ordered struc-

tures. We find that for a concentration of Cu of 25%, the band gap of the ordered structure

is larger than the band gap of the disordered mixed compound by 0.3 eV. This difference is

similar to that obtained for the case of Pb-Sn mixes in Ref. 9
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Table 1: Calculated formation energies for all compounds included in the convex hull of the Bi-based double
perovskites. Formation energies are calculated with respect to the elemental compounds Cs, Bi, B′ = Cu, Ag,
Au and X2 (X = Cl, Br, I). All energies are expressed in eV/atom.

General Cs-Bi-Cu-Cl Cs-Bi-Cu-Br Cs-Bi-Cu-I Cs-Bi-Ag-Cl Cs-Bi-Ag-Br Cs-Bi-Ag-I Cs-Bi-Au-Cl Cs-Bi-Au-Br Cs-Bi-Au-I
formula LDA PBE LDA PBE LDA PBE LDA PBE LDA PBE LDA PBE LDA PBE LDA PBE LDA PBE
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B′ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
X2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B2B′ 0.050 0.052 0.050 0.052 0.050 0.052 0.043 0.051 0.043 0.051 0.043 0.051 -0.120 -0.118 -0.120 -0.118 -0.120 -0.118
B6X7 -0.789 -0.744 -0.531 -0.559 -0.301 -0.350 -0.789 -0.744 -0.531 -0.559 -0.301 -0.350 -0.789 -0.744 -0.531 -0.559 -0.301 -0.350
BB′

2 0.159 0.120 0.159 0.120 0.159 0.120 0.008 -0.003 0.008 -0.003 0.008 -0.003 -0.091 -0.097 -0.091 -0.097 -0.091 -0.097
BB′X6 -0.770 -0.709 -0.440 -0.485 -0.191 -0.229 -0.703 -0.638 -0.401 -0.444 -0.184 -0.239 -0.735 -0.679 -0.423 -0.476 -0.202 -0.250
BX3 -1.062 -0.976 -0.714 -0.802 -0.448 -0.515 -1.062 -0.976 -0.714 -0.802 -0.448 -0.515 -1.062 -0.976 -0.714 -0.802 -0.448 -0.515
BX5 -0.488 -0.469 -0.195 -0.273 0.007 -0.069 -0.488 -0.469 -0.195 -0.273 0.007 -0.069 -0.488 -0.469 -0.195 -0.273 0.007 -0.069
B′

2X3 -0.572 -0.471 -0.264 -0.266 -0.046 -0.050 -0.462 -0.417 -0.242 -0.290 -0.104 -0.146 -0.086 -0.028 0.064 0.028 0.104 0.078
B′X -0.474 -0.402 -0.223 -0.257 -0.130 -0.169 -0.426 -0.430 -0.203 -0.356 -0.139 -0.269 -0.173 -0.221 -0.008 -0.127 0.058 -0.055
B′X2 -0.592 -0.528 -0.294 -0.332 -0.101 -0.137 -0.410 -0.364 -0.206 -0.259 -0.024 -0.078 -0.299 -0.267 -0.053 -0.132 0.008 -0.059
B′X3 -0.430 -0.372 -0.281 -0.203 -0.176 -0.148 -0.277 -0.209 -0.213 -0.108 -0.153 -0.194 -0.313 -0.273 -0.093 -0.150 0.012 -0.073
Cs2BX6 -1.474 -1.386 -1.164 -1.168 -0.875 -0.884 -1.474 -1.386 -1.164 -1.168 -0.875 -0.884 -1.474 -1.386 -1.164 -1.168 -0.875 -0.884
Cs2B′X3 -1.574 -1.476 -1.309 -1.301 -1.077 -1.083 -1.562 -1.503 -1.324 -1.347 -1.114 -1.143 -1.397 -1.400 -1.182 -1.237 -1.015 -1.036
Cs2B′X4 -1.466 -1.395 -1.171 -1.190 -0.949 -0.943 -1.360 -1.315 -1.106 -1.146 -0.888 -0.931 -1.306 -1.260 -1.057 -1.098 -0.862 -0.901
Cs3B -0.476 -0.347 -0.476 -0.347 -0.476 -0.347 -0.476 -0.347 -0.476 -0.347 -0.476 -0.347 -0.476 -0.347 -0.476 -0.347 -0.476 -0.347
Cs3B2 -0.493 -0.428 -0.493 -0.428 -0.493 -0.428 -0.493 -0.428 -0.493 -0.428 -0.493 -0.428 -0.493 -0.428 -0.493 -0.428 -0.493 -0.428
Cs3B2X9 -1.573 -1.520 -1.252 -1.286 -0.964 -0.996 -1.573 -1.520 -1.252 -1.286 -0.964 -0.996 -1.573 -1.520 -1.252 -1.286 -0.964 -0.996
Cs3BX6 -1.755 -1.686 -1.444 -1.462 -1.149 -1.170 -1.755 -1.686 -1.444 -1.462 -1.149 -1.170 -1.755 -1.686 -1.444 -1.462 -1.149 -1.170
Cs3B′

2X11 -1.105 -1.018 -0.827 -0.843 -0.617 -0.631 -1.040 -0.951 -0.796 -0.809 -0.619 -0.631 -1.075 -0.994 -0.820 -0.840 -0.642 -0.659
Cs3B′

2X5 -1.480 -1.408 -1.223 -1.230 -1.006 -1.023 -1.429 -1.380 -1.205 -1.233 -1.016 -1.045 -1.324 -1.306 -1.095 -1.149 -0.924 -0.968
Cs5B8 -0.394 -0.380 -0.394 -0.380 -0.394 -0.380 -0.394 -0.380 -0.394 -0.380 -0.394 -0.380 -0.394 -0.380 -0.394 -0.380 -0.394 -0.380
CsB -0.501 -0.462 -0.501 -0.462 -0.501 -0.462 -0.501 -0.462 -0.501 -0.462 -0.501 -0.462 -0.501 -0.462 -0.501 -0.462 -0.501 -0.462
CsB2 -0.476 -0.400 -0.476 -0.400 -0.476 -0.400 -0.476 -0.400 -0.476 -0.400 -0.476 -0.400 -0.476 -0.400 -0.476 -0.400 -0.476 -0.400
CsBX6 -1.028 -0.954 -0.714 -0.727 -0.535 -0.552 -1.028 -0.954 -0.714 -0.727 -0.535 -0.552 -1.028 -0.954 -0.714 -0.727 -0.535 -0.552
CsB′ 0.549 0.422 0.549 0.422 0.549 0.422 0.202 0.069 0.202 0.069 0.202 0.069 -0.208 -0.336 -0.208 -0.336 -0.208 -0.336
CsB′

2X3 -1.054 -0.983 -0.805 -0.817 -0.617 -0.639 -0.982 -0.980 -0.785 -0.858 -0.642 -0.708 -0.704 -0.693 -0.538 -0.595 -0.458 -0.507
CsB′X2 -1.283 -1.178 -1.022 -1.008 -0.794 -0.796 -1.291 -1.241 -1.060 -1.094 -0.859 -0.901 -1.035 -0.969 -0.844 -0.864 -0.706 -0.731
CsB′X3 -1.234 -1.137 -0.961 -0.955 -0.707 -0.709 -1.225 -1.108 -0.950 -0.926 -0.720 -0.722 -1.146 -1.066 -0.893 -0.904 -0.708 -0.721
CsX -2.059 -1.983 -1.800 -1.805 -1.541 -1.561 -2.059 -1.983 -1.800 -1.805 -1.541 -1.561 -2.059 -1.983 -1.800 -1.805 -1.541 -1.561
CsX3 -1.195 -1.081 -1.020 -0.991 -0.835 -0.841 -1.195 -1.081 -1.020 -0.991 -0.835 -0.841 -1.195 -1.081 -1.020 -0.991 -0.835 -0.841
CsX4 -0.994 -0.874 -0.805 -0.807 -0.677 -0.683 -0.994 -0.874 -0.805 -0.807 -0.677 -0.683 -0.994 -0.874 -0.805 -0.807 -0.677 -0.683
Cs2BB′X6 -1.437 -1.335 -1.118 -1.115 -0.828 -0.845 -1.432 -1.370 -1.130 -1.156 -0.862 -0.885 -1.317 -1.248 -1.036 -1.072 -0.798 -0.828
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Table 2: Calculated formation energies for all compounds included in the convex hull of the Sb-based double
perovskites. Formation energies are calculated with respect to the elemental compounds Cs, Sb, B′ = Cu, Ag,
Au and X2 (X = Cl, Br, I). All energies are expressed in eV/atom.

General Cs-Sb-Cu-Cl Cs-Sb-Cu-Br Cs-Sb-Cu-I Cs-Sb-Ag-Cl Cs-Sb-Ag-Br Cs-Sb-Ag-I Cs-Sb-Au-Cl Cs-Sb-Au-Br Cs-Sb-Au-I
formula LDA PBE LDA PBE LDA PBE LDA PBE LDA PBE LDA PBE LDA PBE LDA PBE LDA PBE
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B′ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
X2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B2B′ 0.036 0.060 0.036 0.060 0.036 0.060 0.088 0.119 0.088 0.119 0.088 0.119 -0.107 -0.078 -0.107 -0.078 -0.107 -0.078
B6X7 -0.598 -0.549 -0.343 -0.363 -0.136 -0.174 -0.598 -0.549 -0.343 -0.363 -0.136 -0.174 -0.598 -0.549 -0.343 -0.363 -0.136 -0.174
BB′

2 0.008 0.015 0.008 0.015 0.008 0.015 0.132 0.128 0.132 0.128 0.132 0.128 0.066 0.064 0.066 0.064 0.066 0.064
BB′X6 -0.686 -0.618 -0.356 -0.401 -0.120 -0.162 -0.617 -0.546 -0.316 -0.354 -0.107 -0.167 -0.650 -0.586 -0.338 -0.387 -0.126 -0.172
BX3 -0.928 -0.882 -0.549 -0.617 -0.318 -0.363 -0.928 -0.882 -0.549 -0.617 -0.318 -0.363 -0.928 -0.882 -0.549 -0.617 -0.318 -0.363
BX5 -0.665 -0.651 -0.266 -0.362 0.011 -0.049 -0.665 -0.651 -0.266 -0.362 0.011 -0.049 -0.665 -0.651 -0.266 -0.362 0.011 -0.049
B′

2X3 -0.572 -0.471 -0.264 -0.266 -0.046 -0.050 -0.462 -0.417 -0.242 -0.290 -0.104 -0.146 -0.086 -0.028 0.064 0.028 0.104 0.078
B′X -0.474 -0.402 -0.223 -0.257 -0.130 -0.169 -0.426 -0.430 -0.203 -0.356 -0.139 -0.269 -0.173 -0.221 -0.008 -0.127 0.058 -0.055
B′X2 -0.592 -0.528 -0.294 -0.332 -0.101 -0.137 -0.410 -0.364 -0.206 -0.259 -0.024 -0.078 -0.299 -0.267 -0.053 -0.132 0.008 -0.059
B′X3 -0.430 -0.372 -0.281 -0.203 -0.176 -0.148 -0.277 -0.209 -0.213 -0.108 -0.153 -0.194 -0.313 -0.273 -0.093 -0.150 0.012 -0.073
Cs2BX6 -1.497 -1.396 -1.168 -1.160 -0.864 -0.859 -1.497 -1.396 -1.168 -1.160 -0.864 -0.859 -1.497 -1.396 -1.168 -1.160 -0.864 -0.859
Cs2B′X3 -1.574 -1.476 -1.309 -1.301 -1.077 -1.083 -1.562 -1.503 -1.324 -1.347 -1.114 -1.143 -1.397 -1.400 -1.182 -1.237 -1.015 -1.036
Cs2B′X4 -1.466 -1.395 -1.171 -1.190 -0.949 -0.943 -1.360 -1.315 -1.106 -1.146 -0.888 -0.931 -1.306 -1.260 -1.057 -1.098 -0.862 -0.901
Cs3B -0.462 -0.330 -0.462 -0.330 -0.462 -0.330 -0.462 -0.330 -0.462 -0.330 -0.462 -0.330 -0.462 -0.330 -0.462 -0.330 -0.462 -0.330
Cs3B2 -0.493 -0.429 -0.493 -0.429 -0.493 -0.429 -0.493 -0.429 -0.493 -0.429 -0.493 -0.429 -0.493 -0.429 -0.493 -0.429 -0.493 -0.429
Cs3B2X9 -1.516 -1.446 -1.192 -1.210 -0.898 -0.916 -1.516 -1.446 -1.192 -1.210 -0.898 -0.916 -1.516 -1.446 -1.192 -1.210 -0.898 -0.916
Cs3BX6 -1.696 -1.616 -1.386 -1.393 -1.094 -1.105 -1.696 -1.616 -1.386 -1.393 -1.094 -1.105 -1.696 -1.616 -1.386 -1.393 -1.094 -1.105
Cs3B′

2X11 -1.105 -1.018 -0.827 -0.843 -0.617 -0.631 -1.040 -0.951 -0.796 -0.809 -0.619 -0.631 -1.075 -0.994 -0.820 -0.840 -0.642 -0.659
Cs3B′

2X5 -1.480 -1.408 -1.223 -1.230 -1.006 -1.023 -1.429 -1.380 -1.205 -1.233 -1.016 -1.045 -1.324 -1.306 -1.095 -1.149 -0.924 -0.968
Cs5B8 -0.381 -0.372 -0.381 -0.372 -0.381 -0.372 -0.381 -0.372 -0.381 -0.372 -0.381 -0.372 -0.381 -0.372 -0.381 -0.372 -0.381 -0.372
CsB -0.501 -0.462 -0.501 -0.462 -0.501 -0.462 -0.501 -0.462 -0.501 -0.462 -0.501 -0.462 -0.501 -0.462 -0.501 -0.462 -0.501 -0.462
CsB2 -0.341 -0.250 -0.341 -0.250 -0.341 -0.250 -0.341 -0.250 -0.341 -0.250 -0.341 -0.250 -0.341 -0.250 -0.341 -0.250 -0.341 -0.250
CsBX6 -1.172 -1.091 -0.785 -0.800 -0.485 -0.500 -1.172 -1.091 -0.785 -0.800 -0.485 -0.500 -1.172 -1.091 -0.785 -0.800 -0.485 -0.500
CsB′ 0.549 0.422 0.549 0.422 0.549 0.422 0.202 0.069 0.202 0.069 0.202 0.069 -0.208 -0.336 -0.208 -0.336 -0.208 -0.336
CsB′

2X3 -1.054 -0.983 -0.805 -0.817 -0.617 -0.639 -0.982 -0.980 -0.785 -0.858 -0.642 -0.708 -0.704 -0.693 -0.538 -0.595 -0.458 -0.507
CsB′X2 -1.283 -1.178 -1.022 -1.008 -0.794 -0.796 -1.291 -1.241 -1.060 -1.094 -0.859 -0.901 -1.035 -0.969 -0.844 -0.864 -0.706 -0.731
CsB′X3 -1.234 -1.137 -0.961 -0.955 -0.707 -0.709 -1.225 -1.108 -0.950 -0.926 -0.720 -0.722 -1.146 -1.066 -0.893 -0.904 -0.708 -0.721
CsX -2.059 -1.983 -1.800 -1.805 -1.541 -1.561 -2.059 -1.983 -1.800 -1.805 -1.541 -1.561 -2.059 -1.983 -1.800 -1.805 -1.541 -1.561
CsX3 -1.195 -1.081 -1.020 -0.991 -0.835 -0.841 -1.195 -1.081 -1.020 -0.991 -0.835 -0.841 -1.195 -1.081 -1.020 -0.991 -0.835 -0.841
CsX4 -0.994 -0.874 -0.805 -0.807 -0.677 -0.683 -0.994 -0.874 -0.805 -0.807 -0.677 -0.683 -0.994 -0.874 -0.805 -0.807 -0.677 -0.683
Cs2BB′X6 -1.387 -1.272 -1.071 -1.055 -0.785 -0.780 -1.384 -1.308 -1.080 -1.095 -0.813 -0.827 -1.275 -1.191 -0.996 -1.002 -0.762 -0.766
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Table 3: Quaternary Phase Diagram Analysis. Predicted decomposition reactions and the corresponding
to the maximum decomposition energies calculated from the quaternary phase diagrams of each of the 18
pnictogen/halide double perovskites using DFT/LDA and DFT/PBE. The decomposition energy is defined
as the difference between the total energy of the decomposition products and the total energy of the double
perovskite. For unstable compounds, the decomposition energy is calculated as the energy separation from the
convex hull, using the Pymatgen package. For the stable compounds the decomposition energies are calculated
as described in the methods.

Compound Predicted Decomposition Reaction Decomposition Conclusion Experiment

LDA PBE LDA PBE

Cs2BiCuCl6
1
2 Cs3Bi2Cl9 + 1

2 CsCu2Cl3
1
2 Cs3Bi2Cl9 + 1

2 CsCu2Cl3 19.1 -23.9 inconclusive N/A
Cs2BiCuBr6

1
2 Cs3Bi2Br9 + 1

2 CsCu2Br3
1
2 Cs3Bi2Br9 + 1

2 CsCu2Br3 0.8 -30.7 not stable N/A
Cs2BiCuI6

1
2 Cs3Bi2I9 + 1

2 CsCu2I3
2
3 CsI + 1

2 Cs3Bi2I9 + 1
6 Cs3Cu2I5 -31.5 -45.5 not stable N/A

Cs2SbCuCl6
1
2 Cs3Sb2Cl9 + 1

2 CsCu2Cl3
1
2 Cs3Sb2Cl9 + 1

2 CsCu2Cl3 9.5 -35.0 inconclusive N/A
Cs2SbCuBr6

1
2 Cs3Sb2Br9 + 1

2 CsCu2Br3
1
2 Cs3Sb2Br9 + 1

2 CsCu2Br3 -5.0 -37.4 not stable N/A
Cs2SbCuI6

1
2 Cs3Sb2I9 + 1

2 CsCu2I3
2
3 CsI + 1

2 Cs3Sb2I9 + 1
6 Cs3Cu2I5 -29.4 -54.5 not stable N/A

Cs2BiAgCl6
1
2 Ag + Cs3Bi2Cl9 + 1

2 CsAgCl3
1
2 Cs3Bi2Cl9 + 1

2 CsAg2Cl3 24.5 12.1 stable stable27–29

Cs2BiAgBr6
1
2 Ag + 1

2 Cs3Bi3Br9 + 1
2 CsAgBr3 AgBr + 1

3 Cs3Bi2Br9 + 1
3 Cs3BiBr6 16.5 -2.8 stable stable26,27,29

Cs2BiAgI6
1
2 Cs3Bi2I9 + 1

2 CsAg2I3
1
2 Cs3Bi2I9 + 1

2 CsAg2I3 -5.6 -24.4 not stable not stable
Cs2SbAgCl6

1
2 Ag + 1

2 Cs3Sb2Cl9 + 1
2 CsAgCl3

1
2 Cs3Sb2Cl9 + 1

2 CsAg2Cl3 16.5 1.9 stable stable33

Cs2SbAgBr6
1
2 Ag + 1

2 Cs3Sb3Br9 + 1
2 CsAgBr3

1
2 Cs3Sb2Br9 + 1

2 CsAg2Br3 8.3 -9.6 inconclusive not stable36

Cs2SbAgI6
1
2 Cs3Sb2I9 + 1

2 CsAg2I3
1
2 Cs3Sb2I9 + 1

2 CsAg2I3 -8.2 -26.4 not stable N/A
Cs2BiAuCl3

1
2 Au + 1

2 Cs2Bi2Cl9 + 1
2 CsAuCl3

1
2 Au + 1

2 Cs2Bi2Cl9 + 1
2 CsAuCl3 -70.9 -82.4 not stable N/A

Cs2BiAuBr3
1
2 Au + 1

2 Cs2Bi2Br9 + 1
2 CsAuBr3

1
2 Au + 1

2 Cs2Bi2Br9 + 1
2 CsAuBr3 -63.0 -54.0 not stable N/A

Cs2BiAuI3
1
2 Au + 1

2 Cs2Bi2I9 + 1
2 CsAuI3

1
2 Au + 1

2 Cs2Bi2I9 + 1
2 CsAuI3 -53.9 -50.1 not stable N/A

Cs2SbAuCl3
1
2 Au + 1

2 Cs2Sb2Cl9 + 1
2 CsAuCl3

1
2 Au + 1

2 Cs2Sb2Cl9 + 1
2 CsAuCl3 -72.5 -87.3 not stable N/A

Cs2SbAuBr3
1
2 Au + 1

2 Cs2Sb2Br9 + 1
2 CsAuBr3

1
2 Au + 1

2 Cs2Sb2Br9 + 1
2 CsAuBr3 -61.6 -71.5 not stable N/A

Cs2SbAuI3
1
2 Au + 1

2 Cs2Sb2I9 + 1
2 CsAuI3

1
2 Au + 1

2 Cs2Sb2I9 + 1
2 CsAuI3 -44.3 -55.4 not stable N/A
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Table 4: Calculated decomposition energies for all possible reactions in the pseudo-ternary phase diagrams of
Cs2BiAgCl6, Cs2BiAgBr6, Cs2BiAgI6 and Cs2BiCuCl6. All energies are expressed in meV/atom. The bolded
lines represent the decomposition reactions represented in Figure 5.

Cs2BiAgCl6 Cs2BiAgBr6 Cs2BiAgI6 Cs2BiCuCl6
Reaction LDA PBE LDA PBE LDA PBE LDA PBE

2CsX + BX3 + B′X 98.1 100.5 84.3 41.9 38.2 1.2 93.3 71.1
1/2 CsX + 1/2 Cs3B2X9 + B′X 39.5 21.7 33.6 3.9 4.9 -22.0 34.7 -7.7
1/2 Cs3B2X9 + 1/2 CsB′2X3 35.1 12.1 18.6 -1.9 -5.6 -24.4 19.1 -23.9
1/3 BX3 + B′X + 2/3 Cs3BX6 34.9 29.8 31.6 3.2 8.5 -16.9 30.1 0.4
BX3 + 1/2 CsB′2X3 + 3/2 CsX 94.6 90.8 69.2 36.2 27.7 -1.2 77.7 54.8
1/2 BX3 + 1/2 CsB′2X3 + 1/2 Cs3BX6 47.3 37.9 29.8 7.2 5.4 -14.8 30.3 1.9
BX3 + CsB′X2 + CsX 78.9 86.4 60.9 36.3 30.7 6.9 86.8 76.9
2/3 BX3 + CsB′X2 + 1/3 Cs3BX6 47.3 51.1 34.6 17.0 15.8 -2.2 55.2 41.5
1/3 BX3 + CsB′X2 + 1/3 Cs3B2X9 39.9 33.9 27.1 10.9 8.5 -8.6 47.7 24.3
BX3 + 1/2 Cs3B

′
2X5 + 1/2 CsX 86.6 91.3 62.3 37.9 20.4 0.8 65.5 42.3

5/6 BX3 + 1/2 Cs3B
′
2X5 + 1/6 Cs3BX6 70.8 73.7 49.1 28.2 13.0 3.7 49.7 24.6

2/3 BX3 + 1/2 Cs3B
′
2X5 + 1/6 Cs3B2X9 67.1 65.1 45.4 25.2 9.3 -6.9 46.0 16.0

BX3 + CsB′2X3 69.9 77.8 50.6 26.7 14.3 -6.5 67.3 58.9
3/4 B′X + 1/2 Cs3B2X9 + 1/4 Cs2B

′X3 32.5 16.0 25.2 0.1 -1.1 -23.9 28.2 -10.8
2/3 B′X + 1/2 Cs3B2X9 + 1/6 Cs3B

′
2X5 35.7 18.6 26.3 2.5 -1.0 -22.1 25.5 -17.3

1/2 B′X + 1.2 Cs3B2X9 + 1/2 CsB′X2 29.9 14.7 21.9 1.1 1.1 -19.1 31.5 -4.8
B′X + 1/3 Cs3B2X9 + 1/3 Cs3BX6 27.5 12.6 24.2 -2.8 1.1 -23.3 22.7 -16.8
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Results

To establish which of the 18 proposed halide double perovskites are stable against decompo-

sition, we construct the quaternary phase diagrams for each of the Cs - B - B′ - X systems

(B = Bi, Sb, B′ = Cu, Ag, Au and X = Cl, Br, I). Visually, a quaternary phase diagram

can be represented as a tetrahedron (Figure 1b), with the corners representing the elemental

compounds, and all possible stable compositions being represented by nodes on the sides,

faces, or inside the tetrahedron. Each node is connected with at least one other node by the

so-called ‘tie lines’, which are not shown in Figure 1b for clarity.

In Figure 2 we show the largest energies of decomposition calculated from the quaternary

phase diagrams of all 18 double perovskites. We first want to understand the sensitivity of

our results to the choice of exchange correlation functional, by evaluating the decomposition

Table 5: Calculated decomposition energies for all possible reactions in the
pseudo-ternary phase diagrams of Cs2SbAgCl6, Cs2SbAgBr6,Cs2SbCuCl6. All
energies are expressed in meV/atom. The bolded lines represent the decompo-
sition reactions plotted in Figure 5.

Cs2SbAgCl6 Cs2SbAgBr6 Cs2SbCuCl6
Reaction LDA PBE LDA PBE LDA PBE

2CsX + BX3 + B′X 103.8 75.9 99.9 54.7 97.3 45.6
1/2 CsX + 1/2 Cs3B2X9 + B′X 31.5 11.6 25.3 -3.9 25.1 -18.8
1/2 Cs3B2X9 + 1/2 CsB′2X3 28.1 1.9 10.3 -9.6 9.5 -35.0
1/3 BX3 + B′X + 2/3 Cs3BX6 43.8 26.8 42.5 12.3 37.4 -3.6
BX3 + 1/2 CsB′2X3 + 3/2 CsX 100.3 66.3 84.8 49.0 81.7 29.4
1/2 BX3 + 1/2 CsB′2X3 + 1/2 Cs3BX6 55.4 29.5 41.8 17.2 36.8 -7.5
BX3 + CsB′X2 + CsX 84.6 61.9 76.5 49.1 90.8 51.4
2/3 BX3 + CsB′X2 + 1/3 Cs3BX6 54.6 37.3 47.8 27.9 60.9 26.8
1/3 BX3 + CsB′X2 + 1/3 Cs3B2X9 36.4 19.0 26.8 10.0 42.7 8.5
BX3 + 1/2 Cs3B

′
2X5 + 1/2 CsX 92.3 66.8 77.9 50.7 59.6 16.8

5/6 BX3 + 1/2 Cs3B
′
2X5 + 1/6 Cs3BX6 77.3 54.5 63.5 40.1 54.6 4.5

2/3 BX3 + 1/2 Cs3B
′
2X5 + 1/6 Cs3B2X9 68.2 45.3 53.0 31.2 45.5 -4.7

BX3 + CsB′2X3 75.6 53.3 66.2 39.5 71.4 33.4
3/4 B′X + 1/2 Cs3B2X9 + 1/4 Cs2B

′X4 24.5 5.9 16.9 -7.7 18.6 -21.8
2/3 B′X + 1/2 Cs3B2X9 + 1/6 Cs3B

′
2X5 27.7 8.5 18.0 -5.3 15.9 -28.4

1/2 B′X + 1.2 Cs3B2X9 + 1/2 CsB′X2 21.9 4.5 13.7 -6.7 21.9 -15.9
B′X + 1/3 Cs3B2X9 + 1/3 Cs3BX6 25.6 8.5 21.5 -5.6 19.2 -21.9
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Figure 2: Stability of the halide double perovskites. Decomposition energies of each of the 18
halide double perovskites with respect to all possible decomposition routes (Sb-based perovskites
in a and Bi-based perovskites in b). For the unstable perovskites, the decomposition energy
is the energy above the convex hull, as calculated from Pymatgen. For the stable perovskites,
the decomposition energy is calculated as the maximum decomposition energy obtained from all
possible reaction pathways containing a maximum of four decomposition products, as described in
the Methods. The filled/empty circles represent results obtained within LDA/PBE, respectively.
All compounds containing Ag are in grey, Cu in dark red and Au in dark yellow. The shadings
highlight the difference between the results obtained within LDA and PBE.

energies calculated within LDA and PBE. The energies of decomposition calculated for the

same compound using the two functionals can differ by more than 40 meV/atom. Further-

more, from all calculations we can see that decomposition energies calculated within PBE

are consistently larger than those obtained within LDA, with the difference decreasing as the

size of the noble metal increases. The discrepancy between LDA and PBE decomposition en-

ergies is connected with the sensitivity of the formation energies to the exchange-correlation

functional, and is well documented in literature.64–67 Here we take into account this sen-

sitivity by making the assumption that the decomposition energies calculated from LDA

and PBE bracket the range of experimental decomposition energies, in the same spirit as in
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Ref. 68. We also emphasize that we calculate phase diagrams at zero temperature and zero

pressure, and the formation energies do not include the contribution from the zero-point

motion. Therefore our calculations cannot be compared directly with experimental data

of formation enthalpies, which are usually available at room temperature. However, since

we are interested in identifying potential routes to synthesizing double perovskites with low

gaps, we use the calculated phase diagrams to identify stability trends.

Several unambiguous trends can be identified from Figures 2a and b. (i) All Au-based

hypothetical double perovskites are unstable, and will decompose into elemental Au, the

perovskite Cs2Au(I)Au(III)X6, and Cs3B2X9 (See Table 3). This decomposition reaction is

due to the partial oxidation of Au+ into Au3+, leading to the preferential formation of the

mixed-valency perovskite Cs2Au(I)Au(III)X6.
69 Given that both LDA and PBE point to the

same decomposition route, and given the low decomposition energies obtained for all Au-

based compounds (<-40 meV/atom), we conclude that all Au-based double perovskites are

unstable. Accordingly, we do not explore these compounds any further in this manuscript.

(ii) Cu-based double perovskites exhibit consistently lower decomposition energies than those

calculated for the Ag compounds. This result is in agreement with recent theoretical and

experimental work by Xiao et al.,70 where the instability was attributed to the tendency of

Cu+ cations to arrange in a 4-fold coordination with the surrounding halogen anions. (iii) For

the Cu- and Ag-based double perovskites we identify the same trend with respect to the halide

composition, whereby the stability increases when moving from iodides to chlorides. This

trend is consistent with the case of lead-halide perovskites, where the stability of CsPbX3

and CH3NH3PbX3 decreases from X = Cl, Br to I due to an increase in the ionization energy

of the PbX6 inorganic cage.71

In Table 3 we summarize the results of the analysis of the quaternary phase diagrams, along-

side with available experimental information. Our calculations indicate that Cs2BiAgCl6,

and Cs2SbAgCl6 are stable against decomposition, in agreement with experiment.27,28,33
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For Cs2BiAgBr6 we obtain a positive decomposition energy in LDA, while PBE yields a

marginally negative decomposition energy of -2.8 meV/atom. This value falls within the

estimated sensitivity of our total energy calculations (as discussed in the Methods), and

therefore we assign Cs2BiAgBr6 as stable in Table 3. Furthermore, our calculations correctly

show that Cs2BiAgI6 does not form, and that the Cs3Bi2I9 biproduct is obtained instead (see

Table 3). This finding is in agreement with unsuccessful synthesis attempts made by our

collaborators. Due to the large variation in the decomposition energies between LDA and

PBE, our results are inconclusive for the following three cases: Cs2SbCuCl6, Cs2BiCuCl6

and Cs2SbAgBr6.

To be able to understand whether it is possible to stabilize mixed halide and mixed-noble

metal double perovskites, we first take a closer look at the typical synthesis reaction for

the pure compounds, shown in Eq. 1. We can study these reactions in more detail from ab

initio calculations by constructing pseudo-ternary phase diagrams for each of the systems

considered, in such a way that the corners of the triangles are the precursor reactants (see

Figure 3). Visually, this pseudo-ternary diagram can be understood as a ‘slice’ through

the quaternary phase diagram along the plane defined by the three precursors, as shown in

Figure 1b. In doing so, we only analyze the decomposition routes that involve compounds

belonging to this plane. The decomposition routes competing with the formation of the

double perovskite can be read on the new pseudo-ternary phase diagrams by identifying all

segments passing through the node corresponding to the double perovskite, or all triangles

surrounding it. For each of the double perovskites there are 17 possible decomposition routes,

summarized in the first column of Tables 4 and 5.

In Figures 3 and 4 we show the pseudo ternary phase diagrams thus constructed, as calculated

within the LDA and PBE, respectively. On each ternary phase diagram in Figures 3 and 4

we overlay the formation energy of each composition with respect to the precursors at the

corners of the diagram. In all diagrams, the formation of the double perovskite appears to
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Figure 3: Pseudo-ternary phase diagrams of halide double perovskites. Ternary phase
diagrams of halide double perovskites obtained by slicing the quaternary phase diagram with a
plane corresponding to the precursors used in solid-state synthesis. The corners of the triangles are
CsX (X = Cl, Br, I), BX3 [B = Bi(a), Sb (b) and X = Cl, Br, I] and B′X (B’ = Cu, Ag and X
= Cl, Br, I). The colour maps represent the formation energy at each point of the phase diagram
with respect to its corners (obtained from interpolation through the vertices). The white disks and
squares on the diagram correspond to the stable and unstable compounds, respectively, and the
red disks and squares correspond to the stable and unstable double perovskites, respectively. The
position of the points in the diagram reflect the number of atoms for corresponding compounds in
the balanced reactions. The phase diagrams were constructed using the total energies calculated
from LDA. 4.

be in competition with the formation of Cs3Bi2X9 or Cs3Sb2X9, and CsAg2X3 or CsCu2X3.

In the case of Cs2BiAgCl6, Cs2BiAgBr6 and Cs2SbAgCl6 the formation energy of the double
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Figure 4: Pseudo-ternary phase diagrams of halide double perovskites. Ternary phase
diagrams of halide double perovskites obtained by slicing the quaternary phase diagram with a
plane corresponding to the precursors used in solid-state synthesis. The corners of the triangles are
CsX (X = Cl, Br, I), BX3 [B = Bi(a), Sb (b) and X = Cl, Br, I] and B′X (B’ = Cu, Ag and X
= Cl, Br, I). The colour maps represent the formation energy at each point of the phase diagram
with respect to its corners (obtained from interpolation through the vertices). The white disks and
squares on the diagram correspond to the stable and unstable compounds, respectively, and the
red disks and squares correspond to the stable and unstable double perovskites, respectively. The
position of the points in the diagram reflect the number of atoms for corresponding compounds in
the balanced reactions. The phase diagrams were constructed using the total energies calculated
from PBE.

perovskite is slightly larger than the energy of Cs3Bi2Cl9, Cs3Bi2Br9 and Cs2Sb2Cl9, and

much smaller than that of the corresponding silver halides CsAg2X3, therefore the double
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perovskite sits on the convex hull. However, by moving towards iodine, the formation energy

of the double perovskite increases, lifting the correspoding node above the convex hull,

favouring instead the formation of Cs3Bi2X9 or Cs3Sb2X9 and CsAg2X3 or CsCu2X3.

This analysis suggests that it should be possible to suppress the formation of the com-

peting ternary compounds (Cs3Bi2X9, Cs3Sb2X9, CsAg′2X3 and CsCu2X3), by mixing I,

Br, or Cu into the already known stable double perovskites (Cs2BiAgCl6, Cs2BiAgBr6 and

Cs2SbAgCl6), so as to form the following possible mixed perovskites: Cs2BiAg1−xCuxCl6,

Cs2SbAg1−xCuxCl6, Cs2BiAg(Br1−xIx)6, and Cs2BiAg(Cl1−xBrx)6. We first explore this

idea qualitatively, by examining the decomposition energies of Cs2BiAgCl6, Cs2BiAgBr6,

Cs2BiAgI6, Cs2BiCuCl6, Cs2SbAgCl6, Cs2SbAgBr6, and Cs2SbCuCl6 with respect to all 17

possible decomposition routes. These energies are listed in Table 4 and 5.

In a first approximation we evaluate the decomposition energy of a mixed double perovskite

of the type Cs2BAg(X1−xY1−y)6 or Cs2BAg1−xCuxX6 (B = Bi, Sb, X = Cl, Br and Y

= Br, I) using a linear interpolation between the pure compounds. In Figures 5a-d we

plot the decomposition energies thus calculated for Cs2BiAg1−xCuxCl6, Cs2SbAg1−xCuxCl6,

Cs2BiAg(Br1−xIx)6, and Cs2BiAg(Cl1−xBrx)6. Thin lines correspond to the linear combi-

nations of the decomposition energies for the same reaction pathway, both in LDA and

PBE . The thick lines correspond to the lowest decomposition energies at each concentra-

tion. In the case of Cs2BiAg1−xCuxCl6, decomposition energies calculated from both LDA

and PBE are positive for a concentration of Cu up to 30%. By contrast, in the case of

Cs2SbAg1−xCuxCl6, Cs2BiAg(Br1−xIx)6, Cs2BiAg(Cl1−xBrx)6, the decomposition energies

from LDA and PBE have opposite signs for almost the entire range of concentrations, and

are therefore inconclusive. For this reason we now focus only on the unambiguous case of

Cs2BiAg1−xCuxCl6.

To investigate in more detail if Cs2BiAg1−xCuxCl6 is likely to form, we construct two or-

dered mixed double perovskites with 12.5% and 25% Cu, as described in the Methods,
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Figure 5: Stability and band gaps of mixed halide and mixed-noble metal double
perovskites. a-d Decomposition energy of mixed double perovskites Cs2BiAgxCu1−xCl6 (a),
Cs2SbAg1−xCuxCl6 (b), Cs2BiAg(Br1−xIx)6 (c) and Cs2SbAg(Cl1−xBrx)6 (d). The decomposition
energies corresponding to the endpoints of the thin lines are calculated with respect to reaction
pathways with the five lowest decomposition energies (highlighted in bold in Tables 4 and 5). The
lines connect the decomposition energies calculated from the same reaction pathway. The thick
lines correspond to the the decomposition pathways that yield the lowest decomposition energies.
The green shading highlights the region of stability. Lowest decomposition free energy calculated
from the five-element convex hull at 0 K (e) and 300 K (f) of the ordered mixed double perovskites.
The red and blue dots are direct calculations. At T = 300 K, we include the contribution of the
ideal mixing entropy, as discussed in the main text. g Band gap of the mixed double perovskite
Cs2BiAg1−xCuxCl6 for different concetrations of Cu. The light-blue and grey dots represent calcu-
lations on the ordered and the disordered mixes, respectively. The darker dots are the band gaps
blue-shifted by 1.1 eV (blue and black dots, respectively). This value is chosen so that the band
gap of Cs2BiAgCl6 matches the experimental band gap reported in Refs. 28,29. All band gaps
are calculated within DFT/LDA, and the calculations on the disordered structure are performed
within the virtual crystal approximation.
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and we calculate their total energies within LDA and PBE. From the analysis of the five-

element convex hull, Cs-Bi-Ag-Cu-Cl, we obtain that both mixed compounds are marginally

unstable, with the lowest decomposition energies between −2.3 meV/atom (LDA) and

−4.2 meV/atom (PBE) for Cs2BiAg0.875Cu0.125Cl6 and between −4.6 meV/atom (LDA) and

−9.5 meV/atom (PBE) for Cs2BiAg0.75Cu0.25Cl6, as shown in Figure 5e. According to the

convex hull, both compounds are expected decompose into either Cs2BiAg1−xCuxCl6 → (1−

x) Cs2BiAgCl6 + x Cs2BiCuCl6 (as predicted by LDA) or Cs2BiAg1−xCuxCl6 → (1 −

x) Cs2BiAgCl6 + x/2 Cs3Bi2Cl9 + x/2 CsCu2Cl3 (as predicted by PBE). However, con-

sidering that these calculations are performed on ordered structures at 0 K, and that the

calculated energies above the hull are very small, it is likely that entropic effects at higher

temperatures will stabilize Cs2BiAg1−xCuxCl6 mixes. This possibility has recently been

demonstrated experimentally in Ref. 72, where disordered mixed oxides were stabilized by

the mixing entropy.

A rigorous theoretical treatment of the mixing entropy for Cs2BiAg1−xCuxCl6 would require

the calculations on very large supercells, in order to fully account for disorder73 or an analysis

within the special quasi-random structures74 or the cluster expansion approaches,75 which

would go beyond the scope of this study. Instead, we evaluate the magnitude of the entropic

effects by considering the ideal mixing entropy, Smix = −kB[x log x+(1−x) log (1− x)], where

x is the mixing concentration and kB is the Boltzmann constant, in a similar approach as

in Ref. 76. In Figure 5 we plot the free energy of decomposition ∆F = ∆Etot + TSmix, at

T = 300 K for the Cs2BiAg1−xCuxCl6 series. Within this approximate treatment, we show

that it should be possible to form Cs2BiAg1−xCuxCl6 by using the entropy of mixing as a

control parameter.

Finally, we evaluate whether exploring the Cs2BiAg1−xCuxCl6 mixed perovskites is likely to

improve the performance of lead-free double perovskite solar cells, by calculating the depen-

dence of the band gap on the concentration of Cu. In Figure 5g we show the band gaps of the
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Cs2BiAg1−xCuxCl6 calculated either within the virtual crystal approximation63 or using the

ordered structures of Cs2BiAg0.75Cu0.25Cl6 and Cs2BiAg0.875Cu0.125Cl6 from DFT/LDA, in-

cluding spin-orbit coupling. This approach is expected to underestimate the band gaps with

respect to experiment by more than 1 eV. PBE0 hybrid functional calculations are known to

overestimate the band gaps of these compounds by approximately 0.5 eV,28 while the GW

band gaps of Cs2BiAgCl6 and Cs2BiAgBr6 are in very good agreement with experiment.29

Most importantly, the band gap trends identified at the DFT/LDA level remain consistent

regardless of the level of theory employed. Therefore, in order to illustrate the dependence

of the band gap on the concentration of Cu, in Figure 5g, we apply a rigid correction of

1.1 eV to all calculated DFT/LDA band gaps, so that the band gap of Cs2BiAgCl6 matches

experiment. As shown in Figure 5g, increasing the concentrations of Cu up to 25%, leads to

a reduction in the band gap to values between 1.6-1.9 eV. Based on these results, we propose

that Cs2BiAg1−xCuxCl6 series constitute a promising route to achieve pnictogen/noble metal

double perovskites with reduced band gaps.

Conclusion

In summary, we investigated the thermodynamic stability of 18 hypothetical lead-free double

perovskites of the type Cs2BB′X6, with B = Bi, Sb, B′ = Cu, Ag, Au and X = Cl, Br, I,

using quaternary phase diagrams. Remarkably, we found that the three double perovskites

of this family that have been synthesized so far are in fact the only stable double perovskites

predicted by our calculations. Furthermore, we investigated the stability of solid solutions,

and identified that the mixed Cs2BiAg1−xCuxCl6 can be likely stabilized, and is a promising

candidate for a mixed noble-metal halide double peroskite with reduced band gaps. One of

the important observations of our study is that the decomposition energies calculated within

density functional theory can vary by up to 40 meV/atom for this family of compounds,

depending on the chosen approximation for the exchange-correlation functional. This ob-
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servation calls for a careful interpretation of the phase diagrams calculated within DFT.

We hope that our results will stimulate further experimental work on the synthesis and

characterization of mixed-noble metal halide perovskites with tunable band gaps.
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